Acute promyelocytic leukemia (APL) is characterized by the accumulation of abnormal promyelocytes in the bone marrow (BM), and by the presence of a reciprocal chromosomal translocation involving retinoic acid receptor alpha (RARa). To date, five RARa partner genes have been identified in APL. NuMA-RARa was identified in a pediatric case of APL carrying a translocation t(11;17)(q13;q21). Using a construct containing the NuMA-RARa fusion gene driven by the human cathepsin G promoter (hCG-NuMA-RARa), two transgenic mouse lines were generated. Transgenic mice were observed to have a genetic myeloproliferation (increased granulopoiesis in BM) at an early age, and rapidly developed a myeloproliferative disease-like myeloid leukemia. This leukemia was morphologically and immunophenotypically indistinguishable from human APL, with a penetrance of 100%. The phenotype of transgenic mice was consistent with a blockade of neutrophil differentiation. NuMARARa is therefore sufficient for disease development in this APL model.
Introduction
Acute promyelocytic leukemia (APL) is characterized by accumulation of hematopoietic cells with promyelocytic features (Bennett et al., 1976) , association with balanced chromosomal translocations involving the retinoic acid receptor alpha (RARa) locus on chromosome 17q21 (Rowley et al., 1977a, b) , and, in most cases, sensitivity of the APL blasts to differentiation upon treatment with all trans-retinoic acid (ATRA) (Grignani et al., 1994) .
Leukemic clones accumulate in the bone marrow (BM) and inhibit the growth of normal cells, resulting in pancytopenia (Harmon, 1991) .
In more than 95% of APL cases, the translocation t(15;17) results in an in-frame fusion of the promyelocytic leukemia (PML) gene to RARa (de The´et al., 1990 , 1991 . Four other rare RARa fusion partner genes, collectively referred to as 'X,' have been identified: PLZF (Chen et al., 1993) , nucleophosmin (NPM) (Redner et al., 1996; Hummel et al., 1999) , NuMA, the nuclear mitotic apparatus protein (Wells et al., 1996 (Wells et al., , 1997 , and STAT5b (Arnould et al., 1999) . Thus, disruption of RARa, a nuclear hormone receptor and transcription factor involved in embryonic development and granulopoiesis (Labrecque et al., 1998; Mark et al., 1999) , is thought to be the underlying mechanism of disease formation in APL (Melnick and Licht, 1999) .
The variant APL fusion gene NuMA-RARa was identified (Wells et al., 1996 (Wells et al., , 1997 in a pediatric case of APL, initially considered to have a myeloproliferative disorder (MPD) and found to carry the translocation t(11;17)(q13;q21). NuMA-RARa retains the N-terminal globular 'head' domain and long central coiled-coil motif of NuMA, including NuMA's oligomerization domain (Compton et al., 1992) . The fusion protein also contains, in its C-terminus, domains C-F of RARa, including the ATRA-binding site, RA-dependent DNAbinding site, and retinoid X receptor alpha and nuclear corepressor/coactivator interfaces (Melnick and Licht, 1999) . NuMA-RARa lacks the ligand-independent transactivation domain of RARa and most of the C-terminal globular domain of NuMA (Wells et al., 1997) . Wild-type (WT) NuMA protein is ubiquitously and highly expressed (200 000 copies per cell), and plays a key role in mitotic progression (Compton and Cleveland, 1993) .
It has been suggested that, while the formation of a dominant-negative form of RARa is the major causative event in APL, the N-terminal portion of the fusion protein may help determine the overall disease phenotype (reviewed in Melnick and Licht, 1999) . This hypothesis may be examined in more detail by comparative phenotype analysis of APL transgenic mice (TMs) . Several transgenic models of APL have been previously characterized, using PML-, PLZF-, and NPM-RARa (Early et al., 1996; Brown et al., 1997; David et al., 1997; Grisolano et al., 1997; He et al., 1997 He et al., , 1998 He et al., , 1999 Westerveldt and Ley, 1998; Chen et al., 1999; Rego and Pandolfi, 2001) . Two different promoters have been used to develop PML-RARa TMs, the human cathepsin G (hCG) and hMRP8 promoters, while only the hCG promoter has been used in the in vivo analysis of PLZF-and NPM-RARa. Mice expressing hMRP8-PML-RARa developed a more severe end phenotype (a myeloid leukemia without maturation vs myeloid leukemia with maturation in hCG-PML-RARa mice) with shorter onset than did mice expressing hCG-PML-RARa (Brown et al., 1997; Grisolano et al., 1997; He et al., 1997; Kogan et al., 2002) . However, a direct phenotype comparison is possible between all hCG-XRARa models: Mice carrying hCG-X-RARa developed leukemias with variable penetrance and onset. Since the features of the leukemias observed in the individual transgenic systems were not identical, it is reasonable to conclude that the fusion partners of RARa may affect the phenotypes of the mice.
To examine the role of NuMA-RARa in APL pathogenesis, we developed a TM model of NuMARARa. Our goals were to characterize the phenotype of hCG-NuMA-RARa TMs, to ascertain the immunophenotype of their leukemic cells (if present), to determine whether NuMA-RARa TMs are a good model system for APL, and to compare their phenotype to previous APL models and to the index patient.
Results

Construction and genotyping of mice
Two founder TMs were generated with the full-length NuMA-RARa cDNA, under the control of hCG regulatory sequences (a schematic of the construct is shown in Figure 1a ). The transgene's expression is thus targeted only to immature cells of the neutrophil lineage. The presence and expression of hCG-NuMA-RARa in the two founder lines was confirmed by PCR and Southern blot (data not shown). Figure 1b illustrates PCR genotyping of F1 mice descended from both founders, demonstrating the integration of hCGNuMA-RARa into the genomes of mice. All subsequent generations of mice retained copies of the transgene (shown in Figure 1c for representative F2 and F3 mice). All TMs expressed NuMA-RARa in the BM (Figure 1d ). No expression of the transgene was detected in organs of 2-month-old TMs. Transgene expression was, however, detected by RT-PCR in multiple organs (liver, lungs, spleen, heart and skeletal muscle, kidney, intestine, thymus) in mice 4.5 months of age and older (Figure 1e ).
Overview of TM phenotype
TMs were observed to carry a genetic myeloproliferation (median latency 8 weeks, 100% frequency) that rapidly progressed to a nonfatal myeloproliferative disease-like myeloid leukemia with promyelocytic features in all animals (median latency 6 months). Furthermore, this phenotype progressed to a myeloid leukemia with maturation in all mice older than 10 months of age. No mice were observed to die from this disease, even when followed to 21 months of age. There were no differences in the phenotype of leukemias observed in mice descended from the two founder animals.
BM phenotype
Transgenic BM was hypercellular, with increased granulopoiesis, based on the histological analysis of hematoxylin and eosin (H&E)-stained hindlimb bone sections (data not shown). Granulocytic maturation was still observed in the marrow, despite the significant presence of blasts. This was consistent with the observations of the index patient (Wells et al., 1996) . Cells of the granulocytic series constituted a median of 45% of BM cellularity in 8-week-old TMs, with a median of 8% being promyelocytes. This is in contrast to 25% granulocytes and 2% promyelocytes in agematched controls. TMs older than 8 weeks of age exhibited progression of the phenotype (Figure 2a) , showing increasingly elevated numbers of promyelocytes and granulocytes in their BM. Mice 21 months old had 33% promyelocytes and 80% granulocytes in their BM, with morphology as shown in Figure 2b . Flowcytometry analysis of transgenic BM corroborated these findings, showing progressively greater percentages of cells expressing the neutrophil marker Gr-1, the myeloid marker CD11b, and the stem cell marker CD117 with increasing age (Figure 2d , WT vs TM BM, 1, 11, and 21 months of age). Coincident with this, we observed an abnormal cell population in the BM (Figure 2c , shown for mice 21 months of age), which possessed moderately decreased CD45 expression levels relative to mature neutrophils.
Peripheral blood (PB) phenotype
In contrast to their BM phenotype, TMs did not display any differences in PB leukocyte composition (Figure 3a ) or flow-cytometry profile, relative to WT mice, until 44 months of age. However, all TMs over 4 months of age developed a PB MPD, characterized by persistent neutrophilia, with mild leukocytosis, no anemia, and moderate thrombocytopenia (Table 1) . This condition increased in severity with time, as seen by an increase in the abundance of myeloid forms in the PB (Figure 3b : increased myeloid/lymphoid (My/Ly) ratio), and by the appearance of abnormal myeloid forms and blasts (data not shown). Flow-cytometry analysis of PB from mice with MPD indicated increased proportions of cells expressing the myeloid markers Gr-1 and CD11b, but no increase in the proportion of cells expressing CD117 (Figure 3d ). Mice that demonstrated 420% promyelocytes in the BM also showed further progression of hematologic changes in the PB, with 450% neutrophils, 5-10% promyelocytes ( Figure 3d ; Table 1 ), and the emergence of a population of Gr-
þ cells in the PB (Figure 3c ). These changes were associated with the most severe form of phenotype observed in the TMs.
Immunophenotype of leukemic cells
The abnormal cell populations observed in both PB and BM possessed moderately decreased CD45 expression relative to mature neutrophils (compare Figures 2c and  3c ). Based on forward-and side-scatter characteristics, these cells were identified as relatively large cells with low to moderate cytoplasmic complexity, closely matching the characteristics of human APL blasts (Weir and Borowitz, 2001 ). These cells have a cellsurface immunophenotype that is highly analogous to the human APL phenotype (Paietta et al., 1994; Rizzatto et al., 2002) , differing only in the expression of CD11b (Table 2) . Previous APL transgenic models have also demonstrated CD11b þ leukemias (Brown et al., 1997; He et al., 1997) , in comparison to human APLs, which are generally CD11b À , possibly indicating a basic difference between human and murine APLs.
In vitro assays of hematopoietic progenitor function
In order to enumerate the functionality of WT vs transgenic hematopoietic progenitors, the BM from WT and TM was also analysed by colony-forming unit (CFU) assays and long-term marrow cultures (LTMCs). TMs displayed decreased total viable CFU (Figure 4a ), an increased fraction of CFU-GM (Figure 4b : 70% in WT CFU assays, compared to 490% in TM CFU assays), decreased BFU-E and CFU-GEMM, and increased numbers of abortive colonies (Figure 4a ). Although there was increased proliferation of CFU-GM (number and size of colonies) in response to G-CSF and GM-CSF in WT mice, hematopoietic progenitors from TMs failed to proliferate on treatment with G-CSF, and demonstrated decreased proliferation in response to Quantitative RT-PCR of BM, demonstrating the presence of NuMA-RARa mRNA transcripts in the BM of TMs, but not in any WT animals. Expression levels of NuMA-RARa in the BM of six representative TM from both founders is shown, relative to two WT mice. (e) TMs 44 months of age exhibit transgene expression at multiple sites outside the BM. Quantitative RT-PCR of RNA from representative TM (2 and 21 months) organs (liver, lung, spleen, heart and skeletal muscle, kidney, intestine, and thymus) and BM, demonstrating the expression of NuMA-RARa in multiple tissues of the older TM, but not the younger animal. Mouse-tomouse variation in the identity of organs affected and in the level of transgene expression was observed in all animals studied. Expression was calculated relative to the RNA sample with the lowest expression level (not shown), consistent with previous reports (Kelly et al., 2002) . LTMCs are often used as in vitro models of myeloid hematopoiesis, thus allowing us the opportunity to examine in detail the mechanism by which NuMA-RARa may interfere with neutrophil differentiation. LTMCs established from TMs showed expression of NuMARARa (Figure 5a ), as well as increased numbers of immature forms (Figure 5b , compare WT with TM; quantitated in Figure 5c ). Flow-cytometry profiles of TM LTMCs indicated an immature cell-surface phenotype, as compared to WT LTMCs (Figure 5d ), as shown by increased proportions of cells expressing CD117 and CD13. We also tested the responsiveness of these immature forms to treatment with ATRA. In transgenic cultures treated with ATRA, the proportion of morphologically immature forms decreased, while that of mature neutrophils was significantly elevated (Po0.05; Figures 5b and c). Flow-cytometry analysis also showed the emergence of a population of cells with more mature neutrophil characteristics in TM cultures after ATRA treatment ( Figure 5d ).
Organ phenotype
Gross visual abnormalities of the lung, kidney, and thymus, along with massively enlarged spleens, were noted in the very oldest leukemic mice (420 months of age), correlating with 430% promyelocytes in the BM and 410% in the PB. Spleens from TMs exhibited enlarged white pulp with large germinal centers, and leukemic infiltrates in the red pulp (not shown). However, livers from TMs were not enlarged, nor were histologic changes apparent. Finally, we examined the white-cell populations of the spleen by flow cytometry. We detected an infiltration of Gr-1 þ , CD11b þ , and CD117 þ cells in the spleens of all TMs, most marked in the oldest transgenic animals studied (data not shown).
A hallmark of diagnosis of murine leukemia, as presented by the authors of the Bethesda proposals for community standards in the diagnosis of murine nonlymphoid hematopoietic neoplasms , is the infiltration of organs other than BM, PB, and spleen by leukemic cells. Given the presence of major organ abnormalities in the oldest TMs, and the presence of NuMA-RARa transcript expression in multiple organs of mice 44.5 months of age (Figure 1d ), we may characterize hCG-NuMA-RARa TMs as having a genetic myeloproliferation that rapidly progressed to a nonfatal MPD-like myeloid leukemia with promyelocytic features.
Discussion
We examined the role of the variant APL fusion oncogene NuMA-RARa in APL pathogenesis using the hCG-NuMA-RARa TM model. The underlying BM phenotype of TMs was a genetic myeloproliferation , characterized by increased granulopoiesis, impaired neutrophil differentiation, abnormal cytokine response, and responsiveness to ATRA. Our CFU and LTMC results also clearly demonstrated accumulation of promyelocytes and failure to respond to G-CSF and GM-CSF, characteristic of impaired neutrophil differentiation. The reversion in vitro to a WT morphological and flow-cytometry profile observed in transgenic LTMCs on ATRA treatment is consistent with the index patient's response to ATRA. This mouse has a phenotype very similar to that of previous APL transgenic models (Grisolano et al., 1997; He et al., 1997 He et al., , 1998 . However, the observed leukemia, while closely resembling that seen in the index patient (Wells et al., 1996) , differed from those seen in the previous models in several respects.
The disease we observed in our mice was progressive, as seen by increasing levels of promyelocytes and granulopoiesis in the BM, increasing My/Ly ratio in the PB, and cells expressing Gr-1, CD11b, and CD117 in the BM and PB. We therefore postulate a continuous accumulation of cells blocked at the promyelocyte stage of differentiation in the marrow, rather than the acquisition of a second mutation leading to disease, to be the root cause of leukemia in hCG-NuMA-RARa mice. This is in contrast to previous models which have suggested that a secondary mutation is necessary for progression from a genetic myeloproliferation to a fullblown leukemia (reviewed in the supplemental online dataset to Kogan et al., 2002: http://www.bloodjournal. org/cgi/content/full/100/1/238/DC1).
Thus, we present a novel model of phenotype progression in our hCG-NuMA-RARa TMs: Mice TMs. All BM samples collected for flow cytometry were washed and resuspended in PBS. Samples were blocked with purified CD16/ CD32 receptor antibodies (BD Pharmingen), and incubated with antibodies (BD Pharmingen) to cell-surface antigens CD45, CD117, Gr-1, and CD11b. Gr-1, CD11b, and CD117 histogram profiles are presented for BM (y-axis: cell counts; x-axis: mean fluorescence intensity). Data are shown for age-matched WT and TM animals 1, 11, and 21 months of age, representative of n ¼ 5 WT and n ¼ 5 TM per time point. The percentages of Gr-1 þ , CD11b þ or CD117 þ cells in the BM samples are indicated on the histograms. All TMs had greater numbers of cells expressing these three markers, a phenomenon that increased with age
initially have a genetic myeloproliferation, as described above. As the percentage of promyelocytes in the BM of mice increases, they develop an MPD-like myeloid leukemia that manifests as follows: MPD in the PB, as the PB neutrophil cell percentage exceeds 20% (My/Ly ratio 40.33), and expression of NuMA-RARa in multi1mo.
21mo. 11mo.
1mo. 21mo. 11mo. . This is the first use of these standards in a prospective manner. We have shown that hCG-NuMA-RARa TMs have inherently higher levels of promyelocytes in their BM and, furthermore, that these levels increase with the age of the mouse. According to the profile we have established, all TMs between the age of 10 and 14 months will meet the threshold (20% promyelocytes) for the diagnosis of a myeloid leukemia with maturation.
Furthermore, we have observed that the phenotype of the PB in our mice correlated with that of the BM, as reflected in our flow-cytometry data presented in Figures   2 and 3 . As we show, promyelocytes appear in the PB after B10 months of age. These data can be interpreted in two ways. Either there is a distinct phenotype transition in the PB, due to secondary genetic events; or, the accumulation of promyelocytes in the BM has passed a certain threshold, leading to their appearance in the PB. We favor the second hypothesis, but further studies are required in order to ascertain which of these events has occurred.
Five previous APL transgenic models utilizing the hCG regulatory sequences have been previously developed: two of hCG-PML-RARa (Grisolano et al., 1997; He et al., 1997) , two of hCG-PLZF-RARa (He et al., 1998; Chen et al., 1999) and one of hCG-NPM-RARa (Chen et al., 1999) . There are two differences that distinguish the hCG-NuMA-RARa leukemic phenotype from these previous models. First, unlike the hCG-PML-RARa model, significant leukocytosis, anemia, and thrombocytopenia were not observed in NuMARARa TMs. Instead, we observed a mild leukocytosis, no anemia, and a moderate thrombocytopenia (Table 1) . This correlates with the characteristics of the patient from whom the fusion gene was cloned (Wells et al., 1996) . Furthermore, leukemic mouse BM was hypercellular, with elevated mature neutrophils and an excess of promyelocytes (Figure 2 ). Granulocytic and blast cell morphology resembled that presented by the human index case (Wells et al., 1996) . Although NuMA-RARa has thus far been found in only one patient with APL, the similarity of the PB and BM characteristics of the mouse model to the index patient is intriguing. Strikingly, this phenotype is also similar to that observed in the hCG-PLZF-RARa models (He et al., 1998; Chen et al., 1999) , but distinctly different from that of the hCG-PML-RARa models (Grisolano et al., 1997; He et al., 1997) , where there was comparatively little evidence of terminal neutrophil differentiation in the Gr-1 9/9 Not tested Mac-1 9/9 À(4%) CD13 7/9 +(97%) CD14 1/9 À(10%) CD19 3/9 À(11%) CD33 5/9 +(97%) CD34 5/9 +(23%) CD117 9/9 +(77%) HLA-DR 1/9 À(4%)
: -------------------------------------------------
Numbers in parentheses represent the percentage of human APLs that test positive for the given cell surface marker BM. As these transgenic models were all developed using the hCG regulatory sequences, and the same strain of mouse (C57BL6), variation in strain and promoter cannot be used to explain these observations. These differences are thus likely caused by the fusion genes themselves.
There are structural and functional differences between the fusion partner genes (reviewed in Melnick and Licht, 1999) . It has been previously shown that formation of X-RARa disrupts WT fusion partner function. For example, PML is delocalized from nuclear bodies in the presence of PML-RARa (Mu et al., 1994) . This is thought to have a series of effects on PML's roles in the nuclear matrix and in apoptosis (Dyck et al., 1994; Mu et al., 1994; Wang et al., 1998; Zhong et al., 2000) . Likewise, the formation of PLZF-RARa leads to a deregulation of PLZF-responsive genes (Shaknovich et al., 1998) . However, the majority of these studies were conducted in cell culture systems, and it is unclear how the effects of X-RARa on fusion partner function will modify the phenotype of an APL TM. These effects need to be taken into account in comparing the phenotypes of APL transgenic models. Whether NuMA function is disrupted by the formation of NuMA-RARa is currently under investigation in our laboratory. A comparison of the phenotype of the hCGNuMA-RARa model to the previous APL transgenic models strongly suggests that disruption of NuMA function in transgenic promyelocytes plays a role in the ultimate development of the phenotype observed in our mice.
A further difference between the previous models and ours lies in the penetrance and onset of disease. Our results suggest the development of an MPD-like myeloid leukemia after 44.5 months in all mice derived from both founders, which progressed to a myeloid leukemia Hematopoietic progenitor assays. BM cells were suspended at a concentration of 10 000 cells/ml in methylcellulose medium (StemCell Technologies, Vancouver, BC, Canada), containing erythropoietin, stem cell factor, and interleukin-3, and grown at 371C in a 5% CO 2 -humidified chamber. Erythroid and granulocyte-monocyte colonies were scored after 7 days; more primitive colonies (CFU-GEMM) were scored after 12 days. All data presented in this figure : -----------------------with maturation in mice older than 10 months. These findings resemble most closely the results obtained with the hCG-PLZF-RARa single TMs, which developed an MPD-like myeloid leukemia after 46 months (He et al., 1998) , but are in contradistinction to the phenotypes of the hCG-PML-RARa mice (Grisolano et al., 1997; He et al., 1997) . In contrast to the conclusions drawn from those models, where it has been suggested that X-RARa is necessary, but not sufficient, for leukemogenesis, we suggest that NuMA-RARa is sufficient for disease development in our mice. This difference may be a result of differences in analysis of the transgenic models, rather than a result of fundamental differences (i.e., the fusion partners) between the models. It is worthwhile to note that epidemiological analysis suggests that the rate of incidence of APL is constant in the population, regardless of the age of onset of the disease, suggesting that the presence of the X-RARa fusion gene is the only þ cells, as well as a decrease in the mean fluorescence intensity of cells expressing Gr-1. Transgenic LTMCs also exhibited increased percentages of cells expressing CD117 and CD13, relative to WT cultures. However, on treatment with ATRA, transgenic LTMC reverted to an immunophenotype indistinguishable from WT rate-limiting event in APL pathogenesis (Vickers et al., 2000) . While not eliminating the need for secondary genetic events, these findings suggest that any secondary lesions that occur do not play a critical role in defining the disease. It has been suggested that such a fundamental difference in APL pathogenesis between the mouse and humans may be attributable to differences between these organisms, but further work needs to be done in this area. A subset (B30%) of APL patients possesses additional, secondary chromosomal aberrations in their leukemic cells. Interestingly, however, the presence of these genetic changes does not seem to correlate with a worse prognosis (de Botton et al., 2000) . Furthermore, we do not observe variability in the rate of progression of the phenotype, which would be expected with the acquisition and/or accumulation of additional genetic changes.
We hypothesize that accumulation of blasts in the BM of TMs occurs over time and is the root cause of leukemia in our mice. Given sufficient time, all mice will develop leukemia. Thus, all TMs may possess an inherent phenotype that progresses to disease, which we have identified as the genetic myeloproliferation evident in our mice. The alternative hypothesis, in which mice accumulate random secondary genetic lesions with age, is less attractive, as we observed a rapid progression to leukemia in all our mice. In the scenario posited by this alternative hypothesis, we would expect the onset of leukemia to be later in the lifespan of the mice, and at low frequency.
Several 'secondary hit' APL transgenic models have previously been developed. Double TMs carrying both hMRP8-PML-RARa and MMTV-BCL2 developed a myeloid leukemia without maturation very similar to the single transgenic hMRP8-PML-RARa model, but with shorter latency and higher penetrance (Kogan et al., 2001; Le Beau et al., 2002) . Similarly, mice expressing hMRP8-PML-RARa and overexpressing interleukin-3, the IL-3 receptor or the GM-CSF receptor also developed leukemia with shorter latency and higher (Kelly et al., 2002) . In all these models, the presence of PML-RARa is necessary for the observed block of differentiation. The additional genetic change altered the accumulative potential of the resulting disease phenotype, and accelerated its progression. This was also evident in models expressing both PML-RARa and the reciprocal fusion gene RARa-PML (Pollock et al., 1999) . Furthermore, hCG-PML-RARa mice that developed leukemia also displayed additional acquired nonrandom chromosomal abnormalities (Zimonjic et al., 2000) , although it is not yet clear if this observation is a consequence of disease, or a causative event. Similar findings have been reported using hMRP8-PML-RARa mice (Le Beau et al., 2002) , though the two models do not give rise to similar additional chromosomal abnormalities. It may be that PML-RARa, and, more generally, X-RARa, may cause genetic instability (supported by recent findings that indicate that hCG-PMLRARa mice are more susceptible to chromosomal aberrations in response to radiation (Lane et al., 2002) ), but the resulting chromosomal abnormalities are nonspecific in nature. Given this body of findings, it is likely that secondary genetic events, while not necessary for initiation of disease, may accelerate its progression. In this model, any secondary genetic event resulting in increased myelo-or granulopoiesis, or enhanced myeloid cell survival, would serve to accelerate disease progression, thus decreasing the time to onset or increasing the severity of disease, without altering the underlying phenotype.
Conclusions
We have developed a TM model of APL, expressing NuMA-RARa. Our analysis is the first to apply community standards for diagnosis of murine leukemia . We report that our model bears many similarities to the characteristics of the disease, as well as to the patient in whom NuMA-RARa was first identified. Leukemic cells in these mice resemble APL blasts morphologically and immunophenotypically, exhibit impaired neutrophil differentiation, and respond to ATRA treatment in vitro. Our results support the hypothesis that, while disrupted retinoid signaling is an underlying cause of APL, the N-terminal half of X-RARa has a nontrivial role in the development and characteristics of the disease. We have thus established a physiological system of leukemia caused by NuMARARa, which we will use in addressing questions significant to APL biology.
Materials and methods
Construction of TMs
hCG-NuMA-RARa TMs were constructed as previously described (He et al., 1997) . The hCG promoter is activated specifically in the myeloid compartment (He et al., 1999) , and, thus, hCG-NuMA-RARa TMs begin to express NuMA-RARa almost exclusively in promyelocytes during hematopoiesis. Two founder lines were generated from these experiments. Founders were backcrossed with C57BL6 mice in order to generate F1 progeny. Analyses were performed on F1 and subsequent generations of progeny descended from both founder mice, and maintained at the Animal Resource Centre of the Ontario Cancer Institute.
Animal care, end point of study, leukemia diagnosis criteria, and controls All animals were treated in accordance with the Canadian Council on Animal Care guidelines. WT littermate mice, matched by age and sex, were used as controls for the TM population. Leukemia was diagnosed based on recommendations set out by Kogan et al. (2002) . Mice displaying 420% neutrophils in their PB were said to have a MPD. The end point of the study was defined to be the persistent evidence of disease (longer than 2 months) or obvious signs of illness in the mouse, such that loss of appetite, weight, and lethargy interfered with its quality of life.
Mouse genotyping
DNA for genotyping was isolated from tail snips of mice according to standard techniques, and genotyping was performed by PCR and Southern Blot as follows. Genomic DNA was subjected to PCR with NuMA-RARa breakpointspecific primers (NR-F 5 0 -TCT AGC TCG CCT GGG TTC TC-3 0 ; NR-R 5 0 -CCC CAT AGT GGT AGC CTG AGG-3 0 ) using AmpliTaq Gold PCR enzyme and reagents (PE Applied Biosystems), according to the manufacturer's protocols. Amplification was carried out for 35 cycles at 951C, 40 s, 551C, 40 s, and 721C for 1 min, followed by a final extension step at 721C for 7 min. PCR product (251 bp) was run on a 1.0% agarose gel, stained with ethidium bromide, and visualized under ultraviolet transilluminescence. For Southern genotyping, 5 mg mouse genomic DNA was digested with EcoR1. After digest, the samples were run on a 0.7% agarose gel, transferred to a positively charged nylon membrane (Amersham Pharmacia) by capillary transfer, and probed by a 32 P-labeled human cathepsin G genomic probe, as previously described (He et al., 1997) .
Study design
A total of 155 mice, comprising three generations of animals descended from both founder lines, were analysed in this study. A subset of 75 mice (30 wild type and 45 transgenic) was phenotyped on a monthly basis by PB examination as outlined below. This allowed the generation of a consistent, detailed, and reproducible PB profile over the lifespan of the mice. The remaining animals were killed at regular intervals for detailed BM and organ phenotype analysis as outlined below. In this second arm of the study, we were able to develop a representation of the BM and organ phenotypes of mice at 2, 4, 6, 8, 10, 12, 14 , and 21 months of age. Finally, by killing of mice from the first cohort, we were able to correlate the PB profile of mice with the organ and BM phenotypes at 1, 11, and 21 months of age.
PB analysis
Mice were tail bled on a monthly basis. Blood samples were diluted in phosphate-buffered saline, and aliquoted for automated complete blood count (Laboratory Hematology Department, Princess Margaret Hospital, Toronto, ON, Canada), flow cytometry (see below), and preparation of PB films according to standard hematologic techniques. Blood films were stained with May-Gru¨nwald and Giemsa stains, according to standard techniques. Films were scored manually by a count of 4100 nucleated white cells for the presence of lymphocytes (Ly) and myeloid cells (My). Myeloid cells included neutrophils, monocytes, and blasts/promyelocytes. From these observations, the percentage of myeloid cells (%My) and My/Ly ratio were calculated.
Flow cytometry
Samples were treated to lysed red cells using a commercially available reagent (Sigma Aldrich Canada, ON, Canada) prior to processing. All samples collected for flow cytometry were washed and resuspended in PBS. Samples were blocked with purified CD16/CD32 receptor antibodies (BD Pharmingen), and incubated with antibodies (BD Pharmingen) to cellsurface antigens CD45 (leukocyte common antigen), CD117 (marker for primitive progenitors), Gr-1 (marker for neutrophils), and CD11b (myeloid cell-surface antigen). The immature myeloid marker CD13 was also used for LTMC samples. Incubations were carried out at 41C in a lightprotected environment. After incubation, samples were washed and resuspended in PBS and analysed on a Becton Dickinson FACScalibur flow cytometer. Data acquisition and analysis were accomplished using CellQuest software.
Animal sacrifice, organ collection, and analysis
TMs alongside the corresponding WT controls were euthanized in a CO 2 chamber and killed for analysis, according to the Canadian Council on Animal Care guidelines. Hind limb bones were collected for BM analysis. The liver, lung, spleen, heart, kidney, intestine, muscle, thymus, and one tibia were collected for histopathology. Samples for histopathology were fixed in 10% buffered formalin (Sigma), paraffinembedded, and sections mounted on slides and stained with H&E, according to standard techniques (Clinical Research Pathology Group, University Health Network, Toronto, ON, Canada).
BM analysis
The BM was flushed from hind limb bones and a single cell suspension generated. The samples were aliquoted for cytospin preparation and subsequent staining with May-Gru¨nwald and Giemsa, and for flow-cytometry analysis. A total of 300-500 nucleated cells from BM preparations were scored as neutrophils, myelocytes, promyelocytes, myeloblasts, erythroblasts, or as cells of the megakaryocytic and monocytic lineages. From these data, a collective neutrophilic lineage percentage (% granulopoiesis) was calculated, as was the percentage of mature neutrophils and promyelocytes.
Hematopoietic progenitor assays BM cells were suspended at a concentration of 10 000 cells/ml in methylcellulose medium (StemCell Technologies, Vancouver, BC, Canada), containing erythropoietin, stem cell factor, and interleukin-3, and supplemented with or without 5 ng/ml G-CSF, 5 ng/ml GM-CSF, and 10 À6 M ATRA, and grown at 371C in a 5% CO 2 humidified chamber. Erythroid (BFU-E) and granulocyte-monocyte (CFU-GM) colonies were scored after 7 days; more primitive colonies (CFU-GEMM) were scored after 12 days.
Long-term marrow cultures
Further in vitro analysis of transgenic cells was carried out in long-term BM cultures. Cells for long-term culture were plated in MyeloCult M5300 growth medium (StemCell Technologies) supplemented with 10 À6 M hydrocortisone (StemCell; Okubo et al., 2000) . Cultures were allowed to develop for 28 days prior to treatment with 1 mM ATRA (120 h). After treatment, the culture supernatants were harvested for RNA, flowcytometry, and morphology analyses.
NuMA-RARa expression analysis
RNA was isolated using TRIZol Reagent (Invitrogen/Life Technologies), and subjected to RT-PCR: 1 mg total RNA was incubated with MuLV RT enzyme (Invitrogen) at 371C in the presence of first-strand cDNA synthesis buffer (Invitrogen), 0.01 M DTT, RNAGuard RNAse inhibitor (Amersham Pharmacia), random hexamer primers, and 0.1 mM dNTPs (20 ml reaction volume, RT step). PCR was carried out on a 5 ml RT product as follows: NuMA-RARa-specific primers spanning the fusion breakpoint were used in 50 ml reaction volumes (primer N 2 B, sequence 5 0 -AGA CCT GGG CAA ATT CCA GG-3 0 ; primer NR 1 C, sequence 5 0 -CTT CTC AAT GAG CTC CCC C-3 0 ) for 35 cycles (951C, 40 s, 621C, 40 s, 721C, 1 min; 721C for 10 min -final extension step). Products were run on 1% agarose gels, stained with ethidium bromide and visualized under UV transilluminescence (product size 1000 bp).
Quantitative real-time RT-PCR
Quantitative real-time polymerase chain reaction (PCR) was carried out for the assessment of relative gene expression using the ABI Prism 7700 Sequence Detection System (PE Applied Biosystems). SYBR Green I dye, a double-strand DNAbinding dye that allows the quantitative detection of products during the PCR was used. Data were quantified and analysed using the Sequence Detection System software (version 1.7) (PE Applied Biosystems). This method was performed as previously described (Reis et al., 2002) .
Analysis of quantitative real-time PCR data: DDCt method
The relative quantification was given by the Ct values, determined for duplicate reactions for each target and internal control gene (GAPDH). Duplicate Ct values were averaged and subtracted to obtain DCt (DCt ¼ Ct (target gene)ÀCt (GAPDH)). The relative expression level was determined as 2 ÀDDCt , where DDCt ¼ DCt (target sample)ÀDCt (reference sample). For the reference sample, DDCt equals zero, and 2 0 equals one; so the fold change in the reference sample equals one, by definition. For the other samples, evaluation of 2 ÀDDCt indicates the fold change in gene expression relative to the reference sample (Livak and Schmittgen, 2001 ).
PCR amplification
Reaction mixtures contained cDNA reverse transcribed from 2 mg of the total RNA from each sample, 10 mM of each primer, and 12.5 ml of 2 Â SYBR Green PCR Master Mix (PE Applied Biosystems), which includes the SYBR Green I fluorescent dye, 0.5 U of AmpErase uracyl-N-glycosylase (UNG) enzyme, 1.25 U of Ampli-Taq Gold DNA polymerase, and 200 mM dNTPs. The thermal cycling conditions were 501C for 2 min (for UNG enzyme activity), 951C for 10 min, and 40 cycles at 951C for 15 s, followed by 601C for 1 min. Experiments were performed in duplicate for each sample in the same reaction plate and repeated when a coefficient of variation higher than 5% was observed.
Data analysis and statistics
All results were analysed and graphs generated using Microsoft Excel 2000 and SigmaPlot 6.0/2000. Two-population comparisons, where appropriate, were performed using the t-test; multipopulation comparisons were made using the F-test. Statistical significance was taken as Po0.05.
Abbreviations APL, acute promyelocytic leukemia; ATRA, all trans-retinoic acid; BM, bone marrow; CFU, colony-forming unit; LTMC, long-term marrow culture; My/Ly, myeloid/lymphoid; MPD, myeloproliferative disorder; NPM, nucleophosmin; NuMA, nuclear mitotic apparatus; PB, peripheral blood; PML, promyelocytic leukemia; PLZF, promyelocytic leukemia zinc-finger; RARa, retinoic acid receptor alpha.
